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In racket sports like badminton, accurately predicting shot timing and spatial positioning allows 
athletes to better interpret opponents’ intentions and respond quickly. Perceptual-cognitive training 
focused on visual cues can enhance these anticipatory skills. However, anticipation based on both 
visual and auditory information are generally more accurate than those relying solely on visual 
cues, suggesting the need to explore the benefits of integrated audio-visual Perceptual-cognitive 
training. This study investigated the effects of different perceptual-cognitive training protocols on 
anticipation performance in badminton novices. Participants were divided into four groups: a visual 
training group (receiving only visual cues during training), an audio-visual training group (receiving 
both visual and auditory cues), a audio-visual blurred training group (receiving degraded visual and 
auditory cues), and a control group (watching match videos without specific training) to underwent 
six training sessions over two weeks. Anticipation performance was assessed using a computer-based 
task, a high-cognitive-load task (requiring simultaneous digit discrimination), a simulated motor task 
(involving physical movement to respond), and a real-competition video task. Results showed: (1) 
Training groups improved in anticipation accuracy, with no such improvement in the control group; (2) 
Under high cognitive load and simulated motor tasks, the visual training group improved the most, 
followed by the visual-auditory group, and then the blurred training group. The visual training group 
also performed better in visual-auditory conditions compared to visual conditions; (3) Improvements 
were sustained for two weeks. This accuracy improvement is likely because the training protocols, 
particularly visual training, facilitated action representation by integrating visual and auditory cues 
based on Event Coding Theory, and guided discovery feedback optimized participants’ information 
search towards critical anticipatory cues. The study concludes that presenting visual cues during the 
anticipation phase, combined with guided discovery using audio-visual feedback during the feedback 
phase, optimize skill acquisition and retention. This approach may have broader applications in other 
sports or training environments where rapid decision-making and predictive accuracy are essential.
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Motor anticipation refers to the perceptual process by which athletes predict the future spatiotemporal position 
of an object based on incomplete prior information1,2, such as the flight path of a badminton shuttlecock or the 
timing and position of a punch in boxing. In competitive sports, the ability of elite athletes to make effective 
psychological and behavioral responses is attributed not only to their physical and technical prowess but also 
to their advanced cognitive skills—specifically, their ability to anticipate using informational cues and prepare 
responses in advance3.

Early research focused on the visual modality, suggesting that high-quality motor anticipation is driven 
by the effective acquisition and integration of situational and kinematic cues1,4. However, athletes also utilize 
auditory cues in their anticipatory processes, such as the sound of a ball hitting a racket. Studies have shown 
that auditory information can be more influential than visual information in judging the speed and force of a 
strike5–7. When predicting the length of volleyball serves, the accuracy was significantly higher on the basis of 
auditory information than on the basis of visual information7. Andy Murray, one of the world’s top male tennis 
players, remarked on a deaf player’s victory in an ATP tour match, saying, “If I played with headphones on, it 
would be hard to pick up the ball’s speed and the racket’s spin; we often rely on our ears to perceive these things” 
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(ATP Tour website, 2019). This underscores the idea that, in addition to visual cues, auditory information during 
movement provides critical insights into speed, direction, distance, and force, all of which are essential for motor 
anticipation. Researches on multi-sensory integration have demonstrated that anticipation performance under 
combined audio-visual conditions is consistently superior to performance under single-sensory conditions8,9. 
When predicting the rotational motion of the tabletennis service, the ability accurately increased with the 
addition of auditory information to visual information but not with additional visual information alone8.

Research on perceptual-cognitive skill training has shown that video-based cognitive training can enhance 
athletes’ anticipatory performance10–12. Previous study have largely concentrated on various aspects of training, 
including the practice order (block or random)12,13, video presentation techniques (2D vs. 3D video)14, and 
the presentation of key cues (explicit instruction, guided discovery, implicit learning)3,15. Notably, most of this 
cognitive training has focused on visual information, with little research exploring the effects of multi-sensory 
(e.g., audio-visual) perceptual-cognitive training on anticipatory performance.

Given the observed benefits and theoretical underpinnings of audio-visual information in enhancing 
landing-point anticipation, this study hypothesizes that cognitive training involving audio-visual dual-channel 
information may yield superior intervention outcomes. According to Event Coding Theory16, the process of action 
perception activates multi-sensory modality encodings related to action characteristics. Event Coding Theory 
(ECT) proposes that perceived events and actions are represented in a common cognitive code. This common 
coding system suggests that when we observe an action, the same neural representations are activated as when 
we perform or imagine performing that same action. In the context of anticipation in sports, this means that 
observing an opponent’s movements, including the associated sounds, activates a representation of that action 
in the observer’s brain. This representation integrates various sensory modalities, including visual and auditory 
information, into a unified event code. Therefore, when athletes receive both visual and auditory information 
during anticipation, their brains can create a more complete and robust representation of the opponent’s actions, 
leading to more accurate predictions.Compared to training that relies solely on visual information, using audio-
visual information in training enables participants to encode multi-sensory information pertinent to action 
processing, thereby laying the foundation for improved anticipatory performance in the complex, dynamic 
environments typical of real-world sports. Additionally, auditory information, often underemphasized in regular 
training17, may draw greater attention when presented as part of training materials, encouraging participants to 
more appropriately weight and integrate visual and auditory cues. As a result, training based on audio-visual 
information may enhance the ability to integrate multi-sensory information.

Regarding training sequence design, research has shown that guided discovery and random training produce 
better transfer and retention effects12,15. Random practice sequences, while causing interference between 
ongoing tasks and leading to short-term forgetting, require participants to reconstruct action representations 
for new tasks, which results in more robust and memorable representations. Additionally, random practice 
enhances memorability by promoting more comparative analysis between tasks18. Guided discovery feedback 
training focuses learners’ attention on specific informational areas through instructions or visual cues, leading 
to memory benefits as learners exert extra effort during the learning process15. In perceptual-cognitive skill 
learning, this is considered a refined form of discovery learning19. Consequently, this study will employ 
randomized training, distributing different landing-point striking techniques evenly across sessions. During 
the feedback phase, critical posture cues for anticipation will be marked to guide participants in utilizing key 
anticipatory information20,21.

The use of blurred audio-visual information may enhance cross-channel information processing. Studies 
on the effects of high and low spatial frequency information (blurred vs. highlighted surface information) 
on anticipating deceptive movements in badminton suggest that low spatial frequency training yields better 
retention outcomes, likely because it directs participants’ attention to the rough kinematic information (low 
spatial frequency) of actual movements rather than focusing on deceptive, non-specific cues11. Additionally, 
research indicates that when information is presented across multiple channels, cross-channel processing is 
more likely to occur when information from one channel is insufficient22. A blurred training group was designed 
in this study was motivated by these findings, aiming to explore whether training under conditions of reduced 
visual clarity could enhance anticipation performance by promoting greater reliance on low spatial frequency 
information and potentially improving the integration of auditory and visual cues. The reduction of auditory 
volume to 80% in this group was intended to parallel the reduced clarity of the visual input, creating a condition 
where both primary sensory channels were partially compromised.

Research on perceptual-cognitive skill training suggests that continuous training, conducted three times in 
total with each session lasting 15–30 min, can significantly improve athletes’ anticipatory abilities3,11,12. Other 
studies indicate that training one to three times per week, with each session lasting 15–30 min over approximately 
four to six weeks, can also enhance anticipitory abilities23,24. Based on these findings, we chose a training duration 
of two weeks, with three sessions per week, each lasting 20–25 min. This duration was considered sufficient to 
induce improvements in anticipation ability while remaining practical and feasible for the participants.

In summary, this study aims to employ computer-based audio-visual materials (incorporating both visual and 
auditory information) for perceptual-cognitive training in badminton. The experiment will include one control 
group and three training groups (visual training, audio-visual training, and audio-visual blurred training), with 
landing-point anticipation tests conducted before, during, and after training. The objective is to investigate the 
impact of perceptual-cognitive training based on audio-visual information on anticipation performance under 
audio-visual and visual conditions in computerized tasks, as well as the transfer and retention effects of this 
training in other contexts. Considering the ecological validity of the training effects, motor simulation observed 
on a large screen will be used in the first transfer experiment. Given that athletes typically perform landing-
point anticipation in complex real-world scenarios, a high-attention-load computer task will be employed as the 
second transfer task. Finally, considering the authenticity and diversity of applied contexts, the third transfer task 
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will involve predicting the landing areas of elite athletes in actual matches. Fourteen days after the intervention 
training concludes, each task will be retested to examine the retention effects of cognitive training.

Methods
Participants
Since G*Power cannot calculate the required sample size for experiments involving the interaction effects of two 
within-subject factors, this study referred to the design of similar research. For instance, Fazel et al.25 recruited 49 
participants and divided them into 4 groups, each containing approximately 12 participants; Pagé et al.26 recruited 27 
participants, dividing them into 3 groups, each with 9 participants. In the present study, 42 university students majoring 
in physical education, with 1 to 2 years of badminton training experience, were recruited (38 males, 4 females), with an 
average age of 21.67 ± 1.00 years. Participants were assigned to four intervention groups: 10 participants in the control 
group, 11 in the visual training group, 10 in the audio-visual training group, and 11 in the audio-visual blurred training 
group. All participants signed a written informed consent form before the experiment. The sample size in this study is 
comparable to those used in similar studies. The experiment was conducted in accordance with the ethical standards 
established in the 1964 Declaration of Helsinki and its 2013 revision, and was approved by the Beijing Sport University 
ethics committee (D20220307-1).

Experimental design
This study employed a 4 (Training group: visual training group, audio-visual training group, audio-visual blurred 
training group, control group) × 4 (Test Time: pre-test, mid-test, post-test, retention test) × 2 (Information Type: 
audio-visual information, visual information) mixed experimental design. The mid-test was incorporated to evaluate 
the progression of learning and to gauge the efficacy of the training at an intermediate stage. This assessment was 
conducted after one week of intervention, providing a checkpoint to monitor the early effects of each training protocol. 
Participants were divided into four groups in a pseudo-random manner based on their average pre-test scores, ranging 
from highest to lowest to ensure initial comparability between groups. This approach was chosen to control for 
individual differences in baseline performance, which could otherwise confound the results.

Pre-test, mid-test, post-test, and retention test were conducted before the intervention, one week after the 
intervention began, after two weeks of intervention, and two weeks after the intervention ended, respectively. 
Specifically, the mid-test was administered within three days following the third training session, while the post-test 
was conducted within three days after the completion of the sixth training session. The retention test was conducted 
fourteen days after the post-test. Figure 1 provides a detailed timeline of the study, including the intervention and 
testing schedule. In the audio-visual information condition, the prediction task presented both visual and auditory 
information channels, while in the visual information condition, only visual information was presented.

The dependent variables were prediction accuracy and reaction time. Accuracy was calculated as the ratio of the 
correct landing point choices to the total number of trials, and reaction time was the duration from the end of the 
video presentation to the participant’s response. The testing tasks included computer-based tasks, high cognitive load 
computer tasks, motor simulation tasks in front of a large screen, and real competition scenario video tasks.

Experimental materials and equipment
Stimuli video recording
The stimuli were recorded in an indoor badminton court with no adjacent courts. The recording was done using 
a Nikon Z50 at a frame rate of 60 frames per second and a resolution of 1920 × 1080.The camera was mounted 
on a tripod at a height of 1.60 m, positioned approximately 1 m behind the front service line, directly opposite 
the athlete being recorded11. This setup was designed to replicate the player’s perspective during a match, where 
the athlete is constantly in a knee-bent position. The camera angle was estimated to be approximately 15–20 
degrees from the horizontal plane, with the lens aimed at the athlete’s shoulder. A 23-year-old athlete with 15 
years of training and competitive experience and a 21-year-old athlete with 14 years of training and competitive 
experience, both members of the provincial team with extensive training and competition experience, 
participated in the video recording. They were instructed to move from the mid-court to the backcourt and 
perform straight or diagonal clears, drop shots, and smashes. These techniques corresponded to six specific 
target locations (Figure S1). These three shot types were included to enhance the ecological validity of the 
study, as they are among the most frequently used shots in badminton and represent a range of trajectories and 
speeds. Furthermore, different shot types are associated with variations in visual and kinematic cues. By training 
participants to anticipate shots based on a variety of cues, we aimed to promote more robust learning and better 
transfer of anticipation skills to novel situations. A total of 240 recordings were made.

Fig. 1.  Intervention and testing schedule.
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Stimulus assessment
First, a skilled badminton player with more than 10 years of experience used Adobe Premiere software to extract 
complete segments of badminton strokes. During this process, clips with invalid strokes (e.g., shots that went 
into the net or out of bounds) and videos with interference (e.g., other individuals appearing in the footage) 
were excluded, along with any audio files containing external voices or noise. Next, two experienced high-
level badminton players—a 24-year-old with 15 years of training experience and a 29-year-old with 12 years 
of training experience—evaluated the technical precision of the movements and the plausibility of the shot 
placements in the experimental materials. In the end, 30 videos were selected for testing, while an additional 144 
videos were set aside for cognitive training. Both the testing and training videos were evenly allocated.

Stimulus editing
The key moment identified for stimulus editing is the ball-racket contact. From this point, a video segment is 
extracted, consisting of 1000 ms of footage leading up to the contact and 67 ms (4 frames) following it, resulting 
in a total duration of 1067 ms. During this period, the shuttlecock’s post-contact flight trajectory is deliberately 
removed. The shuttlecock’s flight information is omitted to prevent it from revealing the landing area, allowing 
for a more accurate assessment of how auditory cues at the moment of shuttlecock-racket contact influence 
landing area predictions. Two experimental conditions are established by manipulating the combination of audio 
and visual elements: the visual information condition, which presents a 1067 ms video depicting the ball strike 
without sound; and the audio-visual information condition, which presents the same 1067 ms video but includes 
the sound of the shuttlecock strike synchronized with the moment of contact at 1000 ms. The manipulate audio 
and video duration refer to previous research27.

Cognitive training materials
The stimuli for the training interventions consist of shuttlecock-hitting videos from four high-level athletes, two 
of whom are the same athletes in the test materials. The other two athletes are 25 years old with 17 years of training 
experience, and 26 years old with 10 years of training experience. The methods for recording and selecting these 
videos were identical to those used for the test materials. A total of 288 training stimulus segments were selected, 
with six evenly distributed landing areas. Each video was shown twice at different training sessions.

Equipment
The intervention training and all cognitive testing tasks were presented on an HP laptop equipped with an 
I5-7300HQ processor (3.25 GHz), 16 GB of RAM, featuring a 15.6-inch display with 1080p resolution. Motor 
simulation tasks were displayed on a large screen (1.975 m wide × 1.480 m high) using an EPSON projector 
(CH-TW610, 1080p). All experimental tasks were presented using E-prime 2.0 software, with participants’ 
reaction times and response accuracy recorded.

Test tasks
Computer task
In a single trial, a fixation point is presented for 500 ms, followed by a video (or audio-video) of an athlete striking 
a ball, lasting approximately 1067 ms. After the video concludes, the response screen appears, and participants 
are asked to anticipate the landing point of the ball and press a button (Fig. S2). The numbers on the numeric 
keypad of a full-sized computer keyboard correspond to the respective badminton landing areas (Fig. S1). Both 
the audio-visual and visual conditions include 30 trials, with a 30-second break every 15 trials.

High cognitive load computer tasks
To manipulate cognitive load, drawing on previous research27, a digit transformation task (more-odd shifting) 
was introduced (Fig. 2). In each trial, a fixation point is presented for 500 ms, followed by a black or green digit 
from 1 to 9 (excluding 5) displayed for 500 ms. This is followed by a video of a badminton shot (or an audio-
video clip) lasting approximately 1067 ms. After the video ends, participants first judge the landing area of the 
shot and press the corresponding key as quickly and accurately as possible. They then assess the digit’s magnitude 
(if the digit is black) or its parity (if the digit is green) and press the appropriate key (‘F’ for large numbers or 
odd numbers, and ‘J’ for small numbers or even numbers; or the reverse, with key assignments balanced across 
participants). Both the audio-visual and visual conditions include 30 trials, with a 30-second rest after every 15 
trials.

Motor simulation task
This task is identical to the computer task, differing only in the mode of presentation and response. The 
experimental task was projected onto a screen (1.975  m × 1.480  m). Participants viewed the video from 
approximately 2 m from the screen, holding a racket in a ready stance to simulate the real perspective during 
a match. After predicting the shuttlecock’s landing area, participants moved from the ready position to the 
predicted location and responded by using the racket to touch the designated marked bucket (Fig. S3). The six 
buckets were each positioned about 1.5 m from the ready position. A camera (resolution 1920 × 1080, frame rate   
60 fps) was positioned behind the participants to record their response actions, and their reaction times and 
accuracy were later analyzed through video playback. Both the audio-visual and visual information conditions 
included 30 trials, with a 30-second rest period after every 15 trials.

Real competition scenario video tasks
Using Adobe Premiere Pro to extract footage from the 2018 World Championships match of Kento Momota 
and Shi Yuqi. The video and audio durations were matched to those used in the computer tasks. The trajectory 

Scientific Reports |         (2025) 15:9862 4| https://doi.org/10.1038/s41598-025-93475-7

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


of the shuttlecock is hidden after it makes contact with the racket. The procedure for each trial mirrored that of 
the computer tasks. Both the audio-visual and visual-only conditions included 30 trials, with a 30-second rest 
after every 15 trials.

Training protocol
The training protocol consists of two phases per trial: anticipation and feedback (Fig. 3). In the anticipation 
phase, participants were asked to predict the landing area of a shuttlecock in a video and pressed a key to make 
their decision, mirroring a computer-based task. The clip included 1000ms before shuttlecock and racket contact 
and 67 ms after contact. The key variations among the training protocols occur during the anticipation phase 
(Table 1). In this phase, the visual training group is shown only the shuttlecock-hitting video without sound (Fig. 
S4a); the audio-visual training group receives task videos with shuttlecock-racket contact sound; and the audio-
visual blurred training group views a blurred video with sound reduced to 80% of normal volume (Fig. S4b). The 
feedback phase then provided a replay of the shuttlecock-hitting action, accompanied by audio-visual feedback. 

Training group Prediction phase Feedback phase

Visual Training, VG 1067 ms of video 3000 ms audio-visual content

Audio-visual Training, AVG 1067 ms of video + 67 ms of audio 3000 ms audio-visual content

Audio-visual blurred Training, AVBG 1067 ms of blurred video + 67 ms of 80% volume audio 3000 ms audio-visual content

Control Group, CG Watch the complete competition video Identifying the type of shot played

Table 1.  Differences in the information presented at different phases of each training group.

 

Fig. 3.  Schematic diagram of a single trial in the intervention program.

 

Fig. 2.  Schematic diagram of a single trial in high cognitive load computer tasks. Each trial begins with a 
fixation cross, followed by numerical figures shown in black or green font. Stroke clips are then presented in 
video or audio-video format. Finally, participants predict the badminton landing areas and then judge whether 
the figures are greater or less than 5 (if the digit is black), or parity of the figures (if the digit is green).
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The feedback phase is consistent across all groups. The feedback video starts 1000 ms before the shuttlecock-
racket contact, continues for 500 ms after the contact, and then pauses for 1500 ms, resulting in a total duration 
of 3000 ms. During this period, the audio starts at the moment of contact and lasts for 500 ms. In the first 1500 
ms, a red rectangular frame highlights the athlete’s trunk, head, upper limbs, and racket (Fig. S5a), directing 
participants’ attention to these areas to help them identify key cues for predicting the shuttlecock’s landing. 
During the 1500 ms pause, the landing position is displayed in the upper right corner of the screen (Fig. S5b). 
Each training session includes 96 video clips and lasts approximately 20–25 min. The intervention spans two 
weeks, with three sessions conducted per week.

For the control group, participants watched pre-recorded match videos of the same duration as those in the 
experimental group. The videos featured the top eight players from the 2018 World Championships, with each 
scoring rally segmented into individual trials using Adobe Premiere. After viewing each video, participants were 
asked to recall and identify the final stroke technique used by the athlete on the top side of the screen, choosing 
from the following options: clear (1), drop shot (2), smash (3), or others (4). This task was intended to ensure 
that the participants maintained a level of attention comparable to that of other training groups. Importantly, the 
videos shown to the control group included the entire movement of the athletes, including the follow-through 
after hitting the shuttlecock. Therefore, there was no need for the control group to anticipate the landing point, 
as they could directly observe the full trajectory of the shot. Each training session included 60 video clips, with 
each trial lasting approximately 4 to 22 s.

After each test session (pre-test, mid-test, post-test, and retention test), all participants were required to 
complete two questionnaires: one assessing their familiarity with the experimental materials, and the other 
evaluating their use of information in predicting the shuttlecock’s landing area. They were used to assess 
whether potential differences in familiarity with the test materials could have influenced the results and assist in 
explaining why anticipation was facilitated. The questionnaires assessed their familiarity with athletes in the test 
videos (likert scale 1–7) and their self-reported use of visual, auditory, and audio-visual cues (scores recorded 
as percentages).

Experiment procedure
The entire intervention and testing schedule is depicted in Fig. 1.

	1.	� Preparation Phase: Upon arrival at the laboratory, participants were briefed on the study’s procedures before 
signing an informed consent form. The consent process ensured that participants were fully aware of their 
rights, including the ability to withdraw from the study at any time without penalty. They then completed a 
demographic information survey.

	2.	� Pre-test: Participants underwent a series of pre-tests, including computer tasks, high cognitive load com-
puter tasks, motor simulation tasks in front of a large screen, and real competition scenario video tasks. The 
sequence of tasks was counterbalanced using a Latin square design to minimize order effects. After complet-
ing the tests, participants filled out a familiarity questionnaire and a scale assessing their use of information. 
Participants were then assigned to groups based on their pre-test performance.

	3.	� Cognitive Training (Sessions 1–3): During the following week, each group undergoes three cognitive train-
ing sessions, spaced 1 to 3 days apart. Each session lasts approximately 20 to 25 min.

	4.	� Mid-test: Within three days following the third training session, participants complete the mid-test, which 
replicates the tasks and procedures of the pre-test.

	5.	� Cognitive Training (Sessions 4–6): In the subsequent week, participants complete three additional cognitive 
training sessions (Sessions 4–6) following the same procedures and schedule as in Sessions 1–3.

	6.	� Post-test: Within three days after the completion of the sixth training session, participants undergo the post-
test, which mirrors the content and procedures of the pre-test.

	7.	� Retention Test: Following the post-test, participants enter a skill retention phase. Fourteen days later, they 
complete a retention test, identical in content and procedure to the pre-test.

Data collection and analysis
The accuracy and reaction time for landing area anticipation were analyzed using a repeated-measures ANOVA, 
which included three independent factors: training group (visual, audio-visual, blurred training and control 
groups), test time (pre-test, mid-test, post-test, retention test), and information type (audio-visual, visual). The 
statistical analysis was performed using SPSS 19.0. When the assumption of sphericity was violated, corrections to 
the degrees of freedom and p-values were applied using the Greenhouse-Geisser method. Post-hoc comparisons 
were conducted with the Bonferroni correction, and effect sizes were reported as partial eta squared (ηp

2) or 
Cohen’s d28. Results were considered significant at p < 0.050.

Kingsley et al.29 highlighted that in interaction analysis, even when the interaction coefficients are statistically 
significant, the presence of non-significant simple effects (or marginal effects) under certain conditions can 
lead to an overinterpretation of the findings. Conversely, if the interaction coefficients are not significant while 
certain simple effects are significant, the results may be underestimated. This concern is especially pertinent 
in multi-factor designs, where researchers often overlook the significance of non-zero marginal effects. This 
observation suggests that independent variables may significantly influence the dependent variable, even when 
main effects or interactions are not statistically significant. Supporting this approach, Galli et al.30 and Wang et 
al.31 utilized similar methodologies and demonstrated that simple effects analysis can enhance the understanding 
of subtle variations in interactions. Consequently, this study employed simple effects analysis to offer a more 
nuanced examination of the data, regardless of the significance of interactions in the ANOVA. Furthermore, 
given the large number of variables and the substantial dataset involved, and considering that the main effects 
of the training groups and testing times are not critical for testing the experimental hypotheses, this paper does 
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not report the multiple comparisons of main effects in detail, focusing instead on the multiple comparisons of 
interactions.

Results
Effect of cognitive training on computer anticipation task
Anticipation accuracy
A repeated measures ANOVA was conducted with the intervention training group as the between-subject 
variable, and testing time and information type as within-subject variables. The dependent variable was the 
accuracy of predicting landing areas in a computer task. The results indicated a significant main effect of 
information type ( F(1, 38) = 45.91, p < 0.001, ηp

2 = 0.547), with accuracy being higher in the audio-visual 
condition compared to the visual condition. There was also a significant main effect of testing time (F(3, 
114) = 9.51, p < 0.001, ηp

2 = 0.200) and a significant main effect of the training group (F(3, 38) = 4.00, p = 0.015, 
ηp

2 = 0.239). No significant interactions were found among all two and three factors (ps ≥ 0.091).
Although no significant interactions were found, we conducted a simple simple effect analysis of the three-

way interaction to further explore potential differences between groups at specific levels of other factors, given 
recent methodological discussions highlighting the limitations of relying solely on the significance of interaction 
terms29–31. This approach allows for a more nuanced understanding of the data and can reveal theoretically 
important patterns, even in the absence of significant interactions. While we acknowledge the significant main 
effects of information type, test time, and training group, our primary focus is on examining the effects of 
training interventions under different conditions and across different test times. Therefore, we will not report 
detailed post-hoc comparisons for all main effects to maintain clarity and focus on our core research questions. 
The results of the multiple comparisons presented in Fig. 4.

In the control group, neither the audio-visual nor the visual conditions resulted in a significant main effect 
of test timing (ps ≥ 0.104). The finding suggests that neither the increased familiarity with the testing procedure 
due to repeated exposure nor the potential placebo effect of video observation was sufficient to enhance test 
performance.

For the visual training group, the main effect of test time under the audio-visual condition was not significant 
(F(3, 36) = 1.47, p = 0.239, ηp

2 = 0.109). This suggested that visual training did not yield a notable improvement 
under audio-visual conditions. However, under visual only conditions, a significant main effect of test time was 
observed (F(3, 36) = 3.57, p = 0.023, ηp

2 = 0.229), with accuracy in the retention test (0.45 ± 0.10) significantly 
higher than in the pre-test (0.36 ± 0.11) (p = 0.026, d = 0.856). These findings suggest that visual training improves 
performance under visual conditions, though this improvement emerges later and is not observed under audio-
visual conditions.

For the audio-visual training group, a significant main effect of test time was found under audio-visual 
conditions (F(3, 36) = 3.177, p = 0.036, ηp

2 = 0.209). Post-test accuracy (0.51 ± 0.07) was significantly higher 
than pre-test accuracy (0.39 ± 0.08) (p = 0.036, d = 1.596), with a similar trend observed in the retention test 
(0.49 ± 0.09, p = 0.063, d = 1.174). Under visual conditions, the main effect of test time did not reach statistical 
significance (F(3, 36) = 2.680, p = 0.061, ηp

2 = 0.183), and no significant differences were found across tests. These 
results indicate that audio-visual training significantly improves performance under audio-visual conditions, 
but not under visual conditions.

For the group receiving audio-visual blur training, the main effect of test time under audio-visual conditions 
was not significant (p = 0.074). The retention test (0.49 ± 0.06) showed a significant improvement over the pre-
test (0.38 ± 0.10, p = 0.046, d = 1.334). Under visual conditions, the main effect of test time was not significant 
(p = 0.587). These findings suggest that audio-visual blurred training improves performance under audio-

Fig. 4.  Effect of training group, test time and information type on the anticipation accuracy of computer 
anticipation task (CG: Control Group, VG: Visual Training Group, AVG: Audio-Visual Training Group, AVBG: 
Audio-Visual Blurred Training Group).
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visual conditions, though the effect is delayed, and it does not significantly enhance performance under visual 
conditions.

Response time
No significant effects were observed for the dependent variable of response time. Detailed results can be found 
in Supplementary Tables S1–S3.

Effect of cognitive training on high cognitive load computer task
Anticipation accuracy
A repeated measures ANOVA was conducted, with the intervention training group as the between-subjects 
variable, and test time and information type as within-subjects variables, using prediction accuracy in the 
high-load task as the dependent variable. The results showed a significant main effect of information type (F(1, 
38) = 36.75, p < 0.001, ηp

2 = 0.492), with higher accuracy under the audio-visual condition compared to the visual 
condition. There was also a significant main effect of test time (F(3, 114) = 21.03, p < 0.001, ηp

2 = 0.356). However, 
no significant main effect of group was observed, nor were there any significant interactions among the two-way 
or three-way factors (ps ≥ 0.090).

A simple simple effect analysis of the three-way interaction was conducted, with the results of the multiple 
comparisons presented in Fig. 5.

For the control group, there was no significant main effect of testing time under either the audio-visual 
condition or the visual condition (p ≥  0.184).

For the visual training group, under the audio-visual condition, there was a significant main effect of testing 
time (F(3, 36) = 4.69, p = 0.007, ηp

2 = 0.281). Accuracy was higher in both the post-test (0.50 ± 0.12, p = 0.005, 
d = 1.167) and retention test (0.49 ± 0.11, p = 0.012, d = 1.129) compared to the pre-test (0.36 ± 0.12), indicating 
that the effect of visual training under the audio-visual condition became evident in the post-test and persisted 
in the retention test conducted two weeks later. Under the visual condition, a significant main effect of testing 
time was observed (F(3, 36) = 7.57, p < 0.001, ηp

2 = 0.387), with higher accuracy in the retention test (0.48 ± 0.10) 
compared to the pre-test (0.34 ± 0.10) (p < 0.001, d = 1.400), suggesting that the effect of visual training under the 
visual condition became evident in the retention test.

For the audio-visual training group, a significant main effect of testing time was found under the audio-
visual condition (F(3, 36) = 5.89, p = 0.002, ηp

2 = 0.329). Accuracy was higher in both the post-test (0.48 ± 0.09) 
and retention test (0.50 ± 0.08) compared to the pre-test (0.34 ± 0.07) (post-test vs. pre-test p = 0.007, d = 1.736; 
retention test vs. pre-test p = 0.001, d = 2.219), indicating that the effect of audio-visual training under the audio-
visual condition was observed in the post-test and persisted in the retention test conducted two weeks later. 
Under the visual condition, a significant main effect of testing time was also observed (F(3, 36) = 4.65, p = 0.008, 
ηp

2 = 0.279), with accuracy in the retention test (0.41 ± 0.07) being higher than in the pre-test (0.30 ± 0.10) 
(p = 0.006, d = 1.274), suggesting that the effect of audio-visual training under the visual condition became 
evident in the retention test.

For the blurred training group, there was no significant main effect of testing time under the audio-visual 
condition (p = 0.236). Under the visual condition, the main effect of testing time was not significant (F(3, 
36) = 2.59, p = 0.068, ηp

2 = 0.178). Accuracy in the retention test (0.41 ± 0.06) was higher than in the pre-test 
(0.33 ± 0.09, p = 0.058, d = 1.046), indicating that the effect of blurred training under the visual condition became 
evident in the retention test.

Response time
No significant effects were observed for the dependent variable of response time. Detailed results can be found 
in Supplementary Tables S4–S6.

Fig. 5.  Effect of training group, test time and information type on the anticipation accuracy of high cognitive 
load computer task.
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Effect of cognitive training on motor simulation task
Anticipation accuracy
A repeated measures ANOVA was conducted with the training group, test time, and information type as 
independent variables, and the accuracy of anticipation in motor simulation task as the dependent variable. 
The results indicated a significant main effect of information type (F(1, 38) = 33.48, p < 0.001, ηp

2 = 0.468), with 
accuracy being higher under audio-visual conditions than under visual conditions. There was also a significant 
main effect of test time (F(2.41, 91.42) = 7.46, p < 0.001, ηp

2 = 0.166) and a significant main effect of group (F(3, 
38) = 2.96, p = 0.044, ηp

2 = 0.190). No significant interactions were observed among the two-way or three-way 
factors (ps ≥ 0.114).

A simple simple effect analysis of the three-way interaction was conducted, with the results of the multiple 
comparisons presented in Fig. 6.

For the control group, there were no significant main effects of test time in either the audio-visual condition 
(p = 0.401) or the visual condition (p = 0.828), with no significant differences in accuracy observed between the 
pre-test, post-tests, and retention tests. These findings indicate that the increased familiarity with the testing 
procedure resulting from repeated exposure, as well as the potential placebo effect induced by video observation, 
were both insufficient to improve test performance.

In the visual training group, the training had a more pronounced effect under the audio-visual condition. 
Specifically, under the audio-visual condition, there was a significant main effect of test time (F(3, 36) = 3.49, 
p = 0.025, ηp

2 = 0.225). The accuracy in the post-test (0.50 ± 0.07) and retention test (0.48 ± 0.09) were both 
significantly higher than in the pre-test (0.38 ± 0.11) (post-test vs. pre-test p = 0.022, d = 1.301; retention test 
vs. pre-test p = 0.031, d = 0.955). Under the visual condition, there was also a significant main effect of test time 
(F(3, 36) = 4.59, p = 0.008, ηp

2 = 0.277), with a significant improvement in retention test performance (0.45 ± 0.13) 
compared to the pre-test (0.34 ± 0.08) (p = 0.007, d = 1.019), indicating that the effects of visual training under 
the visual condition became evident in the retention test. The findings indicated that the effects of visual training 
under the audio-visual condition emerged in the post-test and persisted in the retention test conducted two 
weeks later, whereas the effects of visual training under the visual condition only became apparent during the 
retention test.

For the audio-visual training group and the blurred training group, no significant main effects of test time 
were observed in either the audio-visual condition (ps ≥ 0.151) or the visual condition (p ≥ 0.284).

Response time
No significant effects were observed for the dependent variable of response time. Detailed results can be found 
in Supplementary Tables S7–S9.

Effect of cognitive training on real competition scenario video tasks
Anticipation accuracy
A repeated measures ANOVA was conducted with intervention training group, testing time, and information 
type as independent variables, and the accuracy of anticipation in real competition scenarios as the dependent 
variable. The results indicated a significant main effect of information type (F(1, 38) = 33.46, p < 0.001, 
ηp

2 = 0.468), with higher accuracy observed under audio-visual conditions compared to visual-only conditions. 
The main effects of testing time and training group, as well as the two-way and three-way interaction, were all 
non-significant (ps ≥ 0.120).

A simple simple effect analysis of the three-way interaction was conducted, with the results of the multiple 
comparisons presented in Fig. 7.

For the control group, the main effect of test time under the audio-visual condition approached significance 
(F(3, 36) = 2.85, p = 0.051, ηp

2 = 0.192); however, multiple comparisons indicated no significant differences in 

Fig. 6.  Effect of training group, test time and information type on the anticipation accuracy of motor 
simulation task.
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accuracy across the tests. Under the visual condition, the main effect of test time was not significant (p = 0.701), 
with no notable differences in accuracy observed across the test sessions.

In the visual training group, the main effect of test time under the audio-visual condition approached 
significance (F(3, 36) = 2.70, p = 0.060, ηp

2 = 0.184), but multiple comparisons showed no significant differences 
in accuracy across the tests. Under the visual condition, the main effect of test time was not significant (p = 0.707).

For the audio-visual training group, neither the main effect of test time under the audio-visual condition 
(p = 0.246) nor the visual condition (p = 0.319) was significant.

In the blurred training group, the main effect of test time under the audio-visual condition was significant 
(F(3, 36) = 5.42, p = 0.003, ηp

2 = 0.311), with retention test (0.42 ± 0.11) accuracy significantly lower than that of 
the post-test (0.48 ± 0.13, p = 0.002). Under the visual condition, the main effect of test time was not significant 
(p = 0.659).

Response time
No significant effects were observed for the dependent variable of response time. Detailed results can be found 
in Supplementary Tables S10–S12.

Discussion
This study designed three types of badminton drop-point prediction training programs by manipulating the 
presence and clarity of audio and video: audio-visual (audio-video) training, visual (video) training, and blurred 
(blurred video with 80% volume) training, with a control group that only watched match videos. The aim was 
to investigate the effects of two weeks of audio-visual cognitive training on anticipation accuracy and to assess 
the transfer and retention of these effects in high cognitive load tasks, motor simulation tasks, and real match 
scenarios. The results indicated that none of the training programs significantly affected anticipation response 
time; however, the following patterns were observed in terms of accuracy improvement:

For the control group, no significant improvement was observed in any of the test tasks. The visual training 
group showed significant improvement under the visual information condition (retention test) of the computer 
tasks and also demonstrated improvement under the audio-visual information condition (post-test and retention 
test) and visual information condition (retention test) in high cognitive load tasks and motor simulation tasks. 
The audio-visual training group showed improvement under the audio-visual information condition (post-test 
and retention test) of the computer tasks, and also demonstrated improvement under both the audio-visual 
information condition (post-test and retention test) and the visual information condition (retention test) in 
high cognitive load tasks, but no significant improvement was observed in the motor simulation tasks. The 
blurred training group also showed improvement under the audio-visual information condition (retention test) 
of the computer tasks and the visual information condition (retention test) of high cognitive load tasks, but no 
significant effect was observed in the motor simulation tasks. None of the training groups showed significant 
improvement in the match scenario tasks. In summary, the audio-visual training group showed earlier effects in 
computer test tasks that were similar to the training tasks, while the visual training group demonstrated broader 
improvement effects in transfer tasks such as high attention load tasks and sports simulation tasks.

Placebo effect and familiarity effect
The enhancement in prediction performance observed across the training groups can be attributed to the 
genuine efficacy of the training protocols, rather than being a result of practice effects or placebo effects. First, 
the control group exhibited no significant improvement in anticipation performance during the mid-test, 
post-test, and retention test compared to the pre-test, effectively ruling out the influence of placebo effects. 
This lack of improvement in the control group, which did not receive any anticipation training, suggests that 
the observed gains in the training groups are likely due to the specific training interventions rather than a 

Fig. 7.  Effect of training group, test time and information type on the anticipation accuracy of real competition 
scenarios task.
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general placebo effect—an improvement in performance simply due to the expectation of improvement or the 
experience of participating in a training program. It is important to note that the control group’s task, which 
involved identifying the final stroke technique used by athletes in pre-recorded match videos, did not include 
an anticipatory component. Second, although participants in the training groups became more familiar with the 
experimental materials throughout the testing process, the level of familiarity (Supplementary Materials) did not 
significantly differ between training groups, indicating that the observed differences in training effects were not 
due to varying levels of task familiarity. Additionally, in the high cognitive load computer test task, the accuracy 
and response time for the sub-task either remained stable or slightly improved during the mid-test, post-test, 
and retention test compared to the pre-test (refer to supplementary materials Tables S13, S14 for further details). 
This suggested that the improvements in the primary task (i.e., the prediction task) did not come at the cost of 
secondary task performance.

Effects of different training protocols on computer test task
The study found that all training groups exhibited improvements in anticipatory performance on the computer 
test tasks. Notably, the audio-visual training group showed significant improvements in both the post-test and 
retention test under audio-visual conditions. The visual training group demonstrated improvement in the 
retention test under visual conditions, while the blurred training group showed improvement in the retention 
test under audio-visual conditions. These findings suggest that the audio-visual training was the most effective, 
yielding the earliest improvements in performance on the computer test tasks.

During the intervention training, participants enhanced their ability to utilize visual and auditory information 
by watching and listening to technical movements related to sound and video during the anticipatory and action 
feedback phases. According to the event coding theory16,32, perception and action share a common representation 
system, wherein the action perception process triggered by audio and video stimuli activates coding related to 
action features. Neuroimaging studies have also demonstrated that performing technical movements, as well as 
observing or hearing the sounds associated with these movements, can activate brain regions responsible for 
action processing, such as the supplementary motor area33–35. In the intervention training phases, participants 
repeatedly engaged in cognitive training by watching and listening to technical movements, which likely 
reinforced the association and memory between the action of hitting the shuttlecock, the sound produced, and 
the corresponding landing area. This reinforcement enabled participants to more accurately and quickly retrieve 
the relevant action representations, thereby improving their ability to judge shuttlecock’s landing area.

Furthermore, this study employed guided discovery feedback training to enhance the efficiency of athletes’ 
information search during the anticipatory process. Previous research indicates that professional athletes 
primarily rely on the trunk, the racket-holding arm, and the racket as key sources of information when 
making anticipatory judgments36,37. These athletes typically focus more attention on these critical areas during 
anticipation. In the feedback videos used in this study, the model athlete’s trunk, racket-holding arm, and 
racket were emphasized to help participants focus on key anticipatory cues related to the opponent’s stroke. 
Participants’ subjective reports further confirmed that their ability to utilize visual and auditory information 
significantly improved after the training intervention.

However, it is important to note that while improvements in accuracy were observed across the training 
groups, these gains did not translate into faster response times. This observation aligns with the well-established 
concept of the speed-accuracy trade-off in cognitive psychology38. This principle suggests an inverse relationship 
between response speed and accuracy in many tasks. In our study, the experimental design prioritized accuracy, 
as participants were instructed to focus on making correct predictions of the shuttlecock’s landing point. This 
focus on accuracy, rather than speed, may explain the lack of improvement in response times. Moreover, the 
duration and intensity of the training intervention may have played a role. While the two-week training program 
was sufficient to enhance anticipation accuracy, it might not have been long enough to induce changes in motor 
response speed. The neural mechanisms underlying response time improvements, such as increased myelination 
of motor pathways, may necessitate more extended or intense training periods to manifest39,40. Additionally, the 
novice skill level of the participants should be considered. Beginners in badminton might prioritize accuracy 
over speed as they are still developing fundamental skills. It is plausible that with further training and skill 
development, improvements in response time would eventually emerge, as observed in studies comparing 
novice and expert athletes41.

Effects of different training protocols on transfer and retention test tasks
For various transfer test tasks, the visual training group demonstrated a broader range of improvement. In 
high cognitive load computer test tasks, both the visual training and audio-visual training groups showed 
improvement under conditions involving audio-visual (post-test and retention test) and visual (retention test) 
information, while the blur training group only showed improvement under visual (retention test) conditions. 
In simulated motor tasks, the visual training group improved under both audio-visual (post-test and retention 
test) and visual (retention test) conditions, whereas neither the audio-visual nor the blur training groups 
showed improvement. For the real competitive scenario tasks, none of the groups improved their anticipation 
performance. The improved anticipation performance observed in the post-test across all training groups 
persisted into the retention test.

The visual training group exhibited better transfer effects compared to the audio-visual and blurred training 
groups. During the anticipation phase of the visual training, participants relied solely on visual information 
(such as stroke actions) to make judgments, enhancing their processing of stroke-related information, as has 
been demonstrated in previous video-based perceptual-cognitive training studies3,12. The visual channel, being 
one of the primary means of acquiring information in sports contexts42, becomes more efficient when auditory 
information is unavailable. Notably, the visual training consistently showed earlier intervention effects in audio-
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visual tasks compared to visual tasks, suggesting that the auditory and audio-visual information processing 
capabilities of the visual training group were also enhanced. During the feedback phase of the visual training, 
the replay of complete audio and video (including stroke actions, sounds, and shuttlecock flight paths) with 
guided discovery-based feedback improved the participants’ efficiency in processing visual information related 
to stroke actions. Additionally, the inclusion of stroke sounds not only enhanced their processing of visual 
information43,44 but also developed their ability to utilize auditory information and integrate audio-visual 
cues. Short-term auditory training has been shown to improve selective auditory attention45. Furthermore, 
participants’ subjective reports (Supplementary Materials) indicated that the visual training group experienced 
significant improvements in their perceived ability to utilize visual, auditory, and audio-visual information. 
These subjective findings provide converging evidence for the effectiveness of the visual training and suggest 
that the participants were not only improving in their objective performance but also felt more confident in their 
ability to use different sources of information.

Contrary to the hypothesis, the blurred training group did not outperform the visual and audio-visual 
training groups in the transfer test tasks. Some studies suggest that experienced athletes perform similarly or 
even better in anticipation performance under blurry video conditions compared to normal conditions46,47, 
attributing this to the enhanced motion perception brought about by visual blur. Moreover, video training 
focused on low spatial frequency (such as blurred action outlines) has been found to better enhance the retention 
of deceptive movement recognition in badminton players compared to normal video training11,48. This may be 
because participants spend less time focusing on high spatial frequency information (such as facial details of 
the opponent) and more time on other key areas (like the contact area between the racket and shuttlecock). 
Training that focused on utilizing low spatial frequency information might improve the processing of specific 
visual-motor cues by guiding attention towards the actual outcome of the action. However, in this study, as the 
participants were beginners in badminton, more detailed processing of stroke-related information might have 
been more beneficial for their anticipation performance. The blurred visual and auditory information during the 
anticipation phase of the intervention training failed to help participants establish accurate action schemas or 
correct associations between stroke actions, sounds, and landing areas. Even with complete information provided 
during the feedback phase, the participants’ ability to utilize key information was not further strengthened. 
The direct comparability of these findings to our blurred training group is limited, as previous studies have 
mainly focused on the detection of deceptive movements in experienced athletes. Our study, on the other hand, 
employed a blurred training protocol with beginners, aiming to enhance low spatial frequency processing and 
potentially cross-modal integration. These different objectives and participant populations may contribute to 
the observed differences in outcomes. Further research is needed to specifically investigate the effects of blurred 
training on beginners and to elucidate the underlying mechanisms involved.

It is also important to consider the potential differences in cognitive load imposed by the different training 
protocols. While the randomization procedure and pre-test performance matching were designed to minimize 
such differences at baseline, the nature of the training protocols themselves may have led to variations in cognitive 
load during the intervention. For instance, the visual training group, which showed broader improvements 
across transfer tasks, may have experienced a higher cognitive load during training due to the need to integrate 
auditory and visual information from the outset, even though the task itself was presented visually. This could 
have led to more robust cognitive adaptations, as evidenced by their enhanced performance on the transfer 
tasks, but may not have directly translated into faster response times. The audio-visual group, by focusing on 
multi-sensory integration, and the blurred group, by dealing with degraded sensory input, could also have faced 
distinct cognitive challenges during their respective training sessions. These differences in cognitive load during 
training could have differentially affected performance across the various transfer tasks. Future research should 
further investigate the cognitive load associated with different types of perceptual training, particularly those 
involving visual, auditory, or multisensory information49,50, to better understand how these variations impact 
performance outcomes.

Different intervention protocols demonstrated varying effects across different transfer test tasks. First, in 
high cognitive load computer test tasks, both the visual training group and the audio-visual training group 
exhibited better transfer effects, with improvements more pronounced than those observed in computer test 
tasks. These high load tasks required participants to process both landing area information (primary task) and 
number discrimination information (sub-task), imposing greater demands on cognitive processing capabilities. 
Compared to the anticipation tasks, these tasks were more challenging and demanded a higher allocation 
of attentional resources. According to cognitive load theory51, when attentional resources are dispersed, 
individuals’ cognitive abilities may become insufficient to manage such complex tasks, making the anticipatory 
skills enhanced through specialized cognitive training more impactful. The benefits of the interventions become 
particularly evident when attentional resources are insufficient, with both visual and audio-visual training 
proving effective in enhancing participants’ performance under these conditions. Second, only the visual training 
group demonstrated transfer effects to the simulated motor task. This task required participants to react by 
moving to the predicted landing area and striking a marker, closely mirroring real-world scenarios. Compared 
to other training methods, the visual training group, which integrated auditory cues at critical moments, 
significantly improved participants’ ability to utilize visual, auditory, and combined sensory information. This 
form of visual training reinforced the encoding of visual and auditory information16, which is crucial within 
the framework of perception-action coupling theory52. Previous research has shown that when athletes respond 
with actions coupled with perceptual information rather than mere key presses, those with professional training 
tend to perform better47. The present study also found that the visual training group outperformed others in the 
simulated motor task, further underscoring the importance of perception-action coupling in athletic contexts. 
Finally, none of the training groups exhibited significant training effects in the real competition scenario tasks. 
The experimental materials for these tasks were drawn from World Championship events, featuring athletes of a 
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higher competitive level, whose consistent technical execution made anticipation particularly challenging. This 
finding suggests that the current intervention programs may have limited efficacy in enhancing the anticipatory 
abilities of high-level athletes.

The improvement observed in each training group was sustained during the retention test. This study 
employed random practice in cognitive training, where participants were exposed to shots landing at various 
locations within each training block, rather than being presented with shots landing at the same location 
consecutively. Previous research has demonstrated that random practice is more effective than blocked practice 
in enhancing participants’ ability to judge landing areas and in retaining these skills over time13. In the context 
of motor skill learning, the reconstruction hypothesis suggests that the interference caused by the random 
sequence of tasks leads to short-term forgetting, requiring participants to reconstruct movement plans for new 
tasks. This process promotes the formation of more enduring task representations. Conversely, block practice 
involves repeatedly performing the same task across consecutive trials, using the same movement plan, without 
the need for reconstruction53. The elaboration hypothesis further posits that, compared to the repetitive nature 
of block practice, random practice enhances the durability of representations through increased task comparison 
and analysis18. Although these two theories offer different mechanisms for the contextual interference effect in 
skill learning, both attribute the stability of training outcomes to the greater cognitive effort and heightened 
neural activity elicited by random practice12,54. This likely explains why the training effects observed in this study 
persisted for over 2 weeks.

Limitations and future directions
The present study provides valuable insights into the effects of training interventions on anticipatory skills in 
badminton beginners; however, several limitations must be acknowledged. The small sample size, particularly 
within each training group, limits the generalizability of the findings, as larger samples may yield more robust 
and reliable evidence. This issue is further exacerbated by the homogeneity of the study population, which 
consisted solely of university students with similar levels of badminton experience, potentially limiting the 
applicability of the results to more diverse or elite athletic populations. Additionally, the reliance on computer-
based tasks and simulated environments, despite their ecological validity, may not fully capture the complexity of 
real-world sports contexts. Although high cognitive load tasks and motor simulations were employed to address 
this limitation, future research should incorporate more naturalistic settings, such as on-court training with 
live opponents, to enhance the ecological validity and applicability of the findings to actual sports performance. 
Furthermore, the study did not examine the long-term effects of the training beyond the two-week retention 
test, which, although informative, does not provide a complete understanding of the durability of the training 
effects. Future studies should include extended follow-up periods to better assess the sustained impact of 
these interventions on athletic performance. Moreover, while the study effectively manipulated and measured 
participants’ ability to utilize information to improve anticipatory performance, it did not explore physiological 
changes. Subsequent research could employ techniques such as eye-tracking and functional near-infrared 
spectroscopy (fNIRS) to investigate whether the training enhances visual search efficiency and motor cortex 
activation, thereby providing a more comprehensive understanding of the underlying mechanisms.

Conclusion
For university students majoring in physical education with 1–2 years of specialized badminton training, a two-
week cognitive training program based on audio-visual stimuli, conducted three times per week for 25–30 min 
per session, can significantly enhance their anticipatory performance. The effects of this training extend to 
tasks involving high cognitive load and simulated real-world sports scenarios, with the benefits lasting for at 
least two weeks post-training. The study revealed that the audio-visual training program showed the quickest 
improvements, whereas the visual training program not only produced more extensive benefits across tasks but 
also accelerated the onset of these benefits when both visual and auditory cues were present. These findings 
suggest that cognitive training programs that incorporate a mix of visual and auditory stimuli can significantly 
enhance the anticipatory skills of the unskilled players. In particular, the strategy of presenting visual cues during 
the anticipation phase, combined with guided discovery using audio-visual feedback during the feedback phase, 
appears to optimize learning and retention. This approach could be beneficial in other sports or training contexts 
where quick decision-making and predictive accuracy are critical.

Data availability
Data is provided within the manuscript or supplementary information files.
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